Prediction accuracy of academic achievement for admission purposes requires adequate sensitivity and specificity of admission tools, yet the available information on the validity and predictive power of admission tools is largely based on studies using correlational and regression statistics. The goal of this study was to explore signal detection theory as a tool to extend the available information; signal detection theory allows for comparisons of selection outcomes on both group and individual levels and the development of tailor-made criteria for specific programmes and admission goals. We investigated who would or would not have been admitted applying specific criteria for each of three common admission tools, how many admitted students would fail and how many applicants who would have been successful would be rejected. Both comparisons at an individual level and the receiver operating characteristic curves at a group level revealed that scores obtained in a programme-specific matching programme and non-cognitive factors appear more valuable than regression statistics suggest when it comes to admitting applicants who will become successful students. Signal detection theory allows not only for admission-goal-specific and programme-specific fine-tuning of the content of admission tools, it also informs about the effects of criteria and thus allows the setting of criteria.
Introduction
Accurate predictions of academic achievement informing admission decisions require valid admission tools. The validity and predictive power of admission tools have received much interest over the years (Bingham 1917; Richardson, Abraham, and Bond 2012; Kotzee and Martin 2013) , but the sensitivity and specificity of the presently available tools is not satisfactory. Secondary school Grade Point Average (SSGPA), a measure of past cognitive achievement, is the most commonly used indicator of future academic achievement in selection and admission procedures. In addition to SSGPA, universities in North America use standardised admission instruments such as SAT (the Scholastic Aptitude Test) and ACT (American College Testing, these days broadly supporting education and workforce development). In Europe, university programmes and secondary education systems, as well as their admission procedures, differ across countries. In the Netherlands, for instance, secondary education is divided into three distinct levels, of which only the highest gives direct access to university (de Witte and Cabus 2013) .
Admission to university is therefore largely determined by past academic achievement. Given that it is often considered the best available predictor of future academic achievement, this is logical (Richardson, Abraham, and Bond 2012) , yet 'the best available' in university admissions does not equal a prediction of academic achievement that can be called accurate (Sternberg et al. 2012; Sawyer 2013) . Although Shulruf, Hattie, and Tumen (2008) (see also Shulruf et al. 2011) found correlations >0.60 of SSGPA with university first-year GPA using a specific and new calculation of SSGPA, it is more commonly reported as only a reasonable predictor of university GPA, with r ≈ 0.40 (Richardson, Abraham, and Bond 2012; Edwards, Friedman, and Pearce 2013) . Although their predictive power in most studies is arguably much smaller than desired, past academic achievement (de Koning et al. 2012; van der Heijden, Hessen, and Wubbels 2012) , cognitive admission tests (visser et al. 2012 ) and non-cognitive measures (Huang 2012; Richardson, Abraham, and Bond 2012; Sternberg et al. 2012 ) have all been shown to be valid predictors of academic achievement to a certain extent (Robbins et al. 2004; O'Neill et al. 2011; Sinha et al. 2011; Poole et al. 2012; Schmitt 2012; Stemler 2012; Kreiter and Axelson 2013; Preiss et al. 2013; Sawyer 2013; Christersson et al. 2014; Sartania et al. 2014; Simpson et al. 2014; Gaertner and Larsen McClarty 2015) .
Thus, the science establishing evidence-based admission tools for university programmes is still mainly a work in progress. Admission procedures do appear to be converging on the inclusion of multiple cognitive and non-cognitive admission scores (including optional questions applicants can choose to answer to show their academic potential) as 'best available practices' (Cortes 2013) . Knowing which predictors of academic achievement are valid, however, does not answer the question of which specific criteria to use for each or all predictors. Whether highly selective or more liberal criteria are appropiate, differs across programmes and the goals set by admission committees.
We explored applying signal detection theory to a cohort of psychology freshmen and a newly developed matching programme. Signal detection theory (Green and Swets 1966; Stanislaw and Todorov 1999; Macmillan and Creelman 2005) might help to investigate the sensitivity and specificity of a set of admission instruments. The main reason to explore this application is the pay-off matrix it provides, which can help admission committees to make informed decisions on the cut-off value or criterion. Over and above the information regression analyses provide, the pay-off matrix offers information on the results of decisions, the proportions of both successful and unsuccessful students that would have been admitted and the proportions of both successful and unsuccessful students that would have been rejected applying a certain criterion. In addition, signal detection theory allows analyses at an individual level.
A valid predictor as such does not prescribe whether a score of 6.4 or 7.0 should be a more useful cut-off criterion than any other value for the decision on admission. Admission committees set goals and choose a criterion to match these goals (Sternberg et al. 2012; Cortes 2013; Sawyer 2013) , and signal detection theory offers a way to translate goals into evidence-based criteria. Preferably most admitted students will do fine (in signal detection theory terminology these are deemed 'hits'). However, some will inadvertently fail ('false alarms'). Of the rejected applicants some would indeed have failed had they been admitted (these are considered 'correct rejections'), while others would have done fine ('misses'). The relative importance of maximising hits or correct rejections, and of minimising false alarms or misses, can be pre-determined by admission committees in a pay-off matrix (see Table 1 ), which then prescribes an admission criterion, called c in the simplest signal detection theory model, given the sensitivity and specificity of the admission tools. At zero the criterion reflects neutrality, that is no preference in minimising misses or false alarms and thus equal proportions of both. A criterion chosen to prevent sending away students who would probably have been successful is less selective, resulting in an admission-bias, which is reflected in c < 0. If the goal is to prevent admission of students who will likely fail, a more selective criterion is chosen, resulting in a rejection-bias: c > 0. This is a prescriptive use of the criterion; one decides on desirable relative weights of misses and false alarms in the pay-off matrix before making the admission decisions and setting the criterion to match this decision. The criterion can also be used descriptively; after making a number of decisions, in this case on hypothetically admitting matched applicants, the criterion used results in a pay-off matrix, showing if there is a bias and if so, what type and size.
In signal detection theory, both hit-rate and miss-rate, as well as false-alarm-rate and correctrejection-rate sum up to 1. In the simplest model, using the hit-rate (successful admitted students) and false-alarm-rate (unsuccessful admitted students), d′ can be calculated. Although often being referred to as a measure of sensitivity, d′ actually combines sensitivity (hits/(hits + misses)) and specificity (correct rejections/(correct rejections + false alarms)), and indicates how well one can discern successful students from unsuccessful students. In this context, d′ is the (standardised) distance between the mean score on (a set of ) admission tests of successful students and the (standardised) mean score of unsuccessful students, assuming the variance of the distribution of the scores of successful students is equal to that of unsuccessful students.
Plotting the hit-rates against the false-alarm-rates in a receiver operating characteristic curve visualises the accuracy, which can range from 0.5, chance level, to 1, perfect accuracy. A′ is an estimation of the area under the receiver operating characteristic curve based on only one hit-rate and false-alarm rate (Macmillan and Creelman 2005) . A′ can also vary from 0.5, chance level, to 1, perfect discernibility. In the case of admission test scores that are not normally distributed a non-parametric measure of sensitivity, such as A′, is more suitable. B′′ is a non-parametric criterion which is also calculated from the hit-rate and the false-alarm-rate. B′′ ranges from −1 to 1, with B′′ = 0 reflecting a lack of bias, values <0 reflecting an admission-bias and values >0 reflecting a rejection-bias.
The advantage of using signal detection theory over regression is that the latter can only tell which predictors are useful, and subsequently rank them according to their degree of usefulness for the given programme. Through the pay-off matrices signal detection theory enables fine-tuning of the admission criterion based on the relative weight of misses and false alarms; the descriptive matrices for each possible criterion of the previous cohorts can be compared, enabling prescriptive use for a future cohort. In addition, it allows for analyses at the individual level, since every student obtains an admission score that can be compared with both a (set) criterion and the scores of other students.
In the present study, data from a special cohort of applicants were studied (tentatively starting in 2013) where utrecht university offered psychology applicants a non-obligatory matching programme. This offered the opportunity to investigate not only the sensitivity but also the specificity of the admission tools used. The purpose of the present study is to explore the application of signal detection theory in university admission to a psychology programme, with regard to making informed decisions on the content of the admission tools and what criteria to use.
Methods

Participants
In September 2013, 524 students started their freshman year in psychology at utrecht university (uu), The Netherlands. Of them 288 had participated in a four-day matching programme in April and May of that year (matched students), whereas 236 had not (non-matched students). Of the matched students 233 were female with a mean age of 19.2 years (Sd = 1.2), 55 were male with a mean age of 20.1 years (Sd = 2.0). Of the students who did not participate in the matching programme 172 were female with a mean age of 20.5 years (Sd = 4.2), 64 were male with a mean age of 20.2 years (Sd = 1.7). Students were encouraged to participate in the matching programme, but it was not obligatory. The matching programme in 2013 served as a pilot before it became obligatory and part of the admission procedure in 2014.
Matching programme
The matching programme was developed to be representative of the courses in both quartile 1 (Q1; the semester at uu is split into two blocks of ten weeks, so the academic year has two semesters and four quartiles) of the freshman year and the freshman year as a whole. during the first of four consecutive days, applicants followed two lectures on two main topics and a tutorial on both. The middle two days were for home study. On the last day, the students submitted an essay and completed a multiple-choice test consisting of 20 questions, 10 about each main topic. In June, all students received a letter with their examination and essay grades.
Measures
Predictors
The choice to include achievement at secondary school, cognitive admission test scores and noncognitive measures as predictors of academic achievement was based on the literature (e.g. Richardson, Abraham, and Bond 2012; Cortes 2013) . However, the matching programme and the university wide application form were developed prior to the idea of investigating the application of signal detection theory and publishing. The application form included the grades for the four obligatory secondary school topics in the Netherlands -mathematics, dutch, English and social sciences -plus biology given its relevance for psychology. The matching tests were designed to represent the type and difficulty of Table 2 . overview of scoring of the predictors in the admission toolkits and the participants' scores.
note that several dozens of applicants did not submit an essay and other students did submit an essay but did not take the examination. only students who did both are considered 'matched' and therefore the numbers differ. nine of the matched students did not fully complete the matching form. of the 236 non-matched students 178 partially filled in the matching form. An additional 10 completed the form.
Admission toolkit Scoring
Matched students Non-matched students tests in the freshman year -a multiple-choice examination and an individually written essay -of course with the limitations inherent to 'studying for a week' . From the available non-cognitive measures in the application form, we chose the ones reported in Richardson, Abraham, and Bond (2012) and Cortes (2013) to be most predictive of academic achievement: academic intrinsic motivation, grade goal and community commitment (see Tables 2 and 3 ). We used three types of predictors; secondary education grades (SSGPA), matching scores (MS) and non-cognitive factors (NCF). These three predictors, SSGPA, MS and NCF, will be called admission toolkits in the remainder of this article. Their combination, SSGPA/MS/NCF, is also considered an admission toolkit.
Academic achievement
In order to check the stability of the prediction of academic achievement within this cohort, academic achievement was operationalised fourfold; Q1-first -grades for first attempts of assignments and examinations in quartile 1, Q1-final -whether both courses in quartile 1 were successfully completed after resits, S1-final -whether all four (obligatory) courses in the first semester were successfully completed after resits and Y1 -whether at least seven of the eight courses in year 1 were successfully completed.
Analyses
Correlations, regression analyses and odds ratios served as a comparison ground for the signal detection theory outcomes. Non-parametric analyses were run because the distributions of several scores obtained in the matching programme were skewed. Spearman's rho correlations were calculated to compare the predictive validity of our admission toolkits with previous findings. A backward logistic regression with Y1 as the dependent variable was run to test whether SSGPA, MS and NCF would all independently explain variance in academic achievement. Another logistic regression was run to test how well the unweighted average of SSGPA, MS and NCF predicted Y1. Odds ratios were computed to bridge the differences in interpretation between correlation and regression and signal detection theory, and to aid the interpretation of the distribution of students over hits, false alarms, misses and correct rejections.
The three single admission toolkits and their unweighted average were tested for their sensitivity applying signal detection theory in differentiating successful students from unsuccessful students. This was done by taking each admission toolkit (see Table 3 ) and using these as individual admission scores for each applicant. For each of the four admission toolkits, all practically reasonable scores were used as the cut-off score to decide for each applicant whether they would be admitted using this admission toolkit and this criterion. Since all applicants were admitted and all data of their freshman year were available, we determined for each individual and for each operationalisation of academic achievement whether they should be considered a hit, a miss, a false alarm or a correct rejection for each combination of admission tool and criterion. This resulted in different numbers of hits, misses, false alarms and correct rejections for different criteria; more hits, fewer misses, more false alarms and fewer correct rejections when admitting applicants using relatively low criterion values (being less selective, B'' < 0), compared to fewer hits, more misses, fewer false alarms and more correct rejections when using higher criterion values (being more selective, B′′ > 0). These outcomes were plotted for each admission toolkit for each criterion in bar charts and receiver operating characteristic curves. The Table 3 . description of four admission toolkits; the three single predictors, ssgPA, ms and ncF and their unweighted averages. All range 0-10.
AT
unweighted averages ssgPA (mathematics + english + dutch + Biology + social sciences)/5 matching average (ms) (matching assignment + examination topic 1 + examination topic 2)/3 non-cognitive factors (ncF) (grade goal + community commitment + extra examination course + interest in honours) × 1.43 ssgPA/ms/ncF (ssgPA + ms + ncF)/3
area under the receiver operating characteristic curve is calculated for each admission toolkit as the most appropriate measure of accuracy. A's are reported to aid comparison of more complex admission toolkits with specific criteria in Figure 4 . Next, to compare the outcome of admission toolkits predicting Y1 at different degrees of selectivity, for each admission toolkit the number of hits, misses, false alarms and correct rejections was plotted for the criterion resulting in admission of 70, 50 or 30% of applicants. The number of students selected uniquely based on SSGPA, MS or NCF for 70, 50 and 30% admission (predicting Y1), and how many of them actually were successful (hits), was calculated to assess the independent predictive value of SSGPA, MS and NCF, applying signal detection theory.
Results
Replication of findings on SSGPA, MS and NCF
The SSGPA based on the matching form (obtained before admission to the university) correlates with the final and official SSGPA, r s (254) = 0.77, p < 0.001, and final SSGPA also correlates with the number of courses completed in Y1, r s (256) = 0.41, p < 0.001. The SSGPA based on the matching form correlates with the number of courses completed in year 1 (NoCC-Y1) as well, r s (279) = 0.32, < 0.001. NCF correlates with NoCC-Y1, r s (285) = 0.27, p < 0.001. MS, a more momentary measure of academic functioning, correlates with NoCC-Y1, r s (288) = 0.20, p = 0.001. The correlation of SSGPA/MS/NCF with NoCC-Y1 was r s (279) = 0.30, p < 0.001. These correlations concur with earlier findings (Richardson, Abraham, and Bond 2012) . A backward logistic regression starting with SSGPA, MS and NCF in the model resulted in a model with SSGPA and NCF as significant predictors of Y1, explaining 7-12% of the variance (see Table  4 ). The unweighted average of all three predictors appeared to be of comparable predictive value, with 6-9% of the variance explained.
Of the 288 matched students, 83% were successful (completed at least seven of eight freshman year courses) and 17% were not successful according to this operationalisation of academic achievement. Given the medium sample size and the small group of unsuccessful students, odds ratios probably are better indicators of the effect sizes than r and R ² . For SSGPA, MS and NCF, the odds ratios were 2.87, 1.09 and 1.32, respectively. SSGPA/MS/NCF had an odds ratio of 1.83. 
Signal detection theory outcomes at group level
To check for the stability of the selection outcomes, all four operationalisations of academic achievement (Q1-first, Q1-final, S1-final and Y1) were plotted. All three single predictors showed stability of the selection outcomes over the year, and thus we report results for Y1 only. The signal detection theory approach replicated both the validity of SSGPA, MS and NCF (see Tables 4 and 5 , Figures 1 and 2) as single predictors. Figures 1 and 2 show that the combined admission toolkit consisting of all three predictors did not lead to any major improvements in terms of sensitivity and specificity, or in terms of differential effects of different criteria. The area under the curve did not increase when combining predictors, but the current study did replicate earlier findings on SSGPA, MS and NCF showing them to be valid predictors of Y1 (Richardson, Abraham, and Bond 2012) . It also replicated the finding that adding predictors does not result in major improvements of predictive power. Odds ratios based on the numbers of hits, misses, false alarms and correct rejections are given in Table 5 . Figure 1 . signal detection theory outcomes for all applicants who participated in the matching programme (n = 279) for the four admission toolkits (panel a-d, see also table 3). the admission scores, which are the criteria on the bottom x-axis, are predicting Y1. students with a score equal to or higher than the value on the lower x-axis were hypothetically selected. For each score/criterion, the y-axis gives the total number of students and their distribution over hits, false alarms, correct rejections and misses. a -ssgPA, b -ms c -ncF, d -ssgPA/ms/ncF.
The odds of being admitted were 4.01 times higher for successful students than for unsuccessful students for SSGPA ≥7, and 2.81 times higher for successful students than for unsuccessful students for MS ≥5.6. For NCF ≥5.7 successful students were 3.85 times more likely to be admitted than unsuccessful students, and for SSGPA/MS/NCF ≥6 the odds ratio was 3.50. Following the recommendations of Ferguson (2009) , the odds ratios of all three predictors and their unweighted average would represent moderate to strong effects. For MS, NCF and SSGPA/MS/NCF, the odds ratios based on the signal detection theory outcomes -2.81, 3.85 and 3.50 -were larger than the upper limits of 95% confidence intervals of the odds ratios based on the regression analysis; 1.31, 1.72 and 2.50. Please note that ((SSGPA + MS + NCF)/3) has a wider range of possible scores than SSGPA, since lower scores are both possible and common for MS and NCF, whereas they are not for SSGPA (Table 2 ). This is due to, in The Netherlands, one being unable to enter the examination year or finish school with GPA < 6. Only one five is allowed for dutch, English or mathematics. Thus, the range of SSGPA, even for the pre-final year, . receiver operating characteristic curves for admission toolkits ssgPA, ms, ncF and ssgPA/ms/ncF (n = 279). in these receiver operating characteristic curves the Hit-rate is plotted against the False-Alarm-rate for each criterion. At the diagonal from (0, 0) to (1, 1), the admission toolkit performs at chance level in discerning successful students from unsuccessful students. At the upper left corner where the False-Alarm-rate is zero and the Hit-rate 1, the accuracy of the admission toolkit is perfect. the area below and right from the diagonal is the receiver operating characteristic-space of accuracy below chance level and therefore irrelevant. the area above and left from the diagonal is the receiver operating characteristic-space of accuracy above chance level. the grey parts visualise the area under the curve (Auc) of 0.69 of ssgPA/ms/ncF. the other straight diagonal line, from (0, 1) to the middle, reflects neutral criteria; points above (and further away) from this line reflect a (stronger) admission bias, points below (and further away) from this line reflect a (stronger) rejection bias.
starts at six. This means that adding MS and NCF to the toolkit increases the decision space: the range of grades is wider and so is the range of possible cut-off grades. The unweighted average of SSGPA, MS and NCF yielded an A′ of 0.73 at criterion 6 which was neutral with B′′ = 0.02. using this criterion would result in admitting 58% of matched students, as well as 64% correct decisions. Setting the criterion to admit 70% of applicants, ((SSGPA + MS + NCF)/3) ≥ 5.7, results in outcomes that are comparable to that of the other admission toolkits (B′′ = −0.15 and 72% correct decisions and see Figure 3 panel (a), but with the inclusion of both programme specific and non-cognitive admission criteria. In this small sample with a small distribution for SSGPA, the signal detection theory approach provided more detailed information than the correlation and regression analyses.
Using signal detection theory-outcomes to set tailor-made criteria
Since the criteria required to admit 70% of the applicants differed across admission toolkits, an exploration of the effects of combining single admission toolkits with specific criteria into double or triple admission toolkits (instead of SSGPA/MS/NCF) might be fruitful. Hence, for each of the single admission toolkits a criterion was chosen that appeared to best fit its primary strength in optimising admission decisions. Starting with SSGPA, the lower three bars of Figure 4 show that SSGPA with a relatively high criterion (7) was suitable for restricting the proportion of false alarms, yet at the cost of a relatively high proportion of misses. For MS a lower criterion (5.6) resulted in a relatively high proportion of hits, and . the bottom x-axis states each admission toolkit that was put in signal detection theory; students with a score equal to or higher than the value on the upper x-axis were hypothetically selected, students with a lower score were hypothetically rejected. For each score/criterion, the y-axis gives the total number of students and their distribution over hits, false alarms, correct rejections and misses. a -70% admission, b -50% admission, c -30% admission.
at the same time a lower proportion of misses compared to SSGPA (7) (compare the four lower bars of Figure 4 ). Performance of NCF set at 5.7 was intermediate between SSGPA (7) and MS (5.6), both in admission percentage and the percentage correct decisions; see the fifth bar from the bottom in Figure 4 . In other words, for these admission toolkits and criteria, SSGPA showed a rejection bias, MS an admission bias, while NCF was neutral, as is also illustrated in the receiver operating characteristic curves (the enlarged data points with black triangles in Figure 2 ). Whereas in Figure 3 for each admission toolkit the signal detection theory-outcomes are shown for one specific criterion, the information on the proportions of hits and false alarms is given for all criteria in Figure 2 , resulting in a receiver operating characteristic curve. Note that receiver operating characteristic curves provide a clear overview of the accuracy of different admission toolkits across criteria, and allow us to determine which ratio of hits and false alarms -and thus which criterion -matches the goals of the admission committee.
As apparent from Figure 4 (sixth, seventh and eighth bars from the bottom), double admission toolkits requiring a score passed the cut-off for only one of two single admission toolkits, appeared to show a slight performance improvement over single admission toolkits in percentages of admitted applicants and correct decisions. As could be expected, a combination of all three single admission toolkits led to the highest A′ (hardly any false alarms), but mainly due to the low percentage admittance of SSGPA (7); only 27% of students would be admitted (57% misses, only 43% correct decisions). An admission toolkit admitting students who pass the criterion for at least two of the three single admission toolkits (third bar from the top) resulted in a lower proportion of false alarms and higher proportion of misses, when compared to the double admission toolkits (compare the third bar from the top with the sixth, A comparison of admission toolkits based on the cut-offs of 7, 5.6 and 5.7 for ssgPA, ms and ncF, respectively, predicting Y1 (n = 279). For 'At least two' matched students were hypothetically admitted if they scored ≥7, ≥5.6 or ≥5.7 on at least any two of ssgPA, ms or ncF, respectively. ((ssgPA + ms + ncF)/3) ≥ 6, ((ssgPA + ms + ncF)/3) ≥ 5.7, ssgPA ≥6.7 and ssgPA ≥7.3 were added for comparison. the criterion and its results in terms of proportion of admitted applicants, given on the x-axis, is represented by the black triangle for each admission toolkit.
seventh and eighth from the bottom). 'At least two' showed a slightly higher A′ than the double admission toolkits, and slightly lower but still reasonable percentages of admittance and correct decisions. A comparison with SSGPA/MS/NCF, also reported in the rightmost bars of Figure 3 , revealed 'at least two' provided no improvements over SSGPA/MS/NCF ≥6: the differences in sensitivity, specificity, B′′, percentage admittance and percentage correct decisions are small to non-existent. The neutral criteria -B′′ = 0.02 for SSGPA/MS/NCF ≥6.0, B′′ = 0.07 for 'at least two and B′′ = 0.04 for NCF (5.7) -mean that these admission toolkits did not prioritise minimising one type of incorrect decision, misses or false alarms, over the other. Note that the A's of 0.73, 0.78 and 0.75 lie at 46-56% of the range between chance level -0.5 -and perfect predictions -1 -in predicting academic achievement.
Signal detection theory outcomes at the individual level
Comparing admission toolkits on all signal detection theory outcomes (see Figure 3) did not provide clear-cut information aiding in the choice of predictors and criteria. Yet, selectivity was not the same for all admission toolkits, since setting the criterion to admit 70% of applicants resulted in different criteria; i.e. 6.6 for SSGPA, 5.6 for MS, 5.7 for NCF and 5.7 for the combination of all three (Figure 3) .
A comparison of selection outcomes for SSGPA, MS and NCF on an individual level, as is shown in Table 6 , revealed that the different predictors select slightly different subsets of individuals. When selecting 70% of applicants, 62 students passed the criterion for only SSGPA, MS or NCF when comparing these three single-predictor admission toolkits; 19 for SSGPA, 32 for MS and 11 for NCF. Forty-five of them turned out to be successful (hits); 13 for SSGPA, 25 for MS and seven for NCF. As selectivity is increased by setting the criteria to admit only 50% of matched applicants (Figure 3, panel (b) ), SSGPA yielded 15 unique hits and six unique false alarms, MS yielded 19 unique hits and six unique false alarms. Hypothetically admitting 30% of applicants (Figure 3, panel (c) ) resulted in 14 and 27 unique hits for SSGPA and MS (and three and five false alarms, or six and seven at 70% admission). For NCF the unique hits increased from seven to 35 with increasing selectivity from 70 to 30%. The number of false alarms increased from four to five. These data suggest it is worthwhile to use multiple indicators of future academic achievement.
Discussion
We replicated earlier findings on SSGPA, MS and NCF as predictors of academic achievement (e.g. de Koning et al. 2012; Richardson, Abraham, and Bond 2012; visser et al. 2012 ), and we have explored signal detection theory as a tool to evaluate selection outcomes across different admission toolkits and criteria. The regression analyses and odds ratios appeared to indicate MS might be less valuable in admission toolkits than SSGPA and NCF. Note that the odds ratios based on signal detection theory outcomes give comparisons between successful and unsuccessful students, whereas regression analyses provide information on the group as a whole. The odds ratios based on the signal detection theory outcomes Table 6 . number of students that would be considered unique hits and false alarms for ssgPA, ms or ncF only, with criteria set to admit 70, 50 and 30% of matched applicants.
note that for ncF the criterion lies at 5.7 for both 70 and 50% admission at which 58% is admitted. appeared to indicate stronger effects than the correlations and regression analyses, but, taking into account that successful students outnumbered the unsuccessful students by a factor of four, leaves an odds ratio of four equivalent to around 10% explained variance, which can be meaningful, but is considered a small effect (Ferguson 2009 ). Thus, odds ratios provide relevant information in addition to regression analyses, but still only at the group level.
Signal detection theory outcomes
Signal detection theory helped to assess the validity of admission tests by showing stability of selection outcomes as time passes within the freshman year. A close look at sensitivity, specificity and the payoff matrices of different admission toolkits was taken in an attempt to contribute to better informed decisions in selection. The accuracy of selection based on SSGPA, MS and NCF was not as high as would be desirable, but using all three admission toolkits did widen the range of the admission scores and increased the resolution of the decision space. Additionally, the receiver operating characteristic curves and the signal detection theory outcomes at the individual level suggested MS might after all be valuable in addition to SSGPA in predicting academic achievement. The selectivity of the different admission toolkits differed at the same criteria. Together with the finding that several dozens of students scored above criterion on only one of the single admission toolkits when admitting 70% of applicants, this suggests that individual differences might exist in what are adequate predictors of academic achievement. A further comparison of individual outcomes across admission toolkits revealed that, partly depending on the selectivity of the chosen criterion, NCF especially might be a valuable admission toolkit in terms of minimising rejection of applicants who did not do too well in secondary education and the matching programme, but who will become successful students. For another subset of applicants, SSGPA and MS were the admission toolkits that predicted academic success, while the other two, MS and NCF or SSGPA and NCF, did not. The finding that each predictor at low, medium as well as high levels of selectivity uniquely admits applicants, most of whom will become successful students, suggests the 'best available' toolkit includes all three admission toolkits.
The receiver operating characteristic curves clearly showed the near equivalent accuracy of the single admission toolkits and the combined admission toolkit. Combining SSGPA with other predictors in an admission toolkit did not heighten accuracy, but it did increase decision space and allows the detection and selection of potentially successful applicants on other characteristics than SSGPA. These findings concur with the available literature (e.g. O'Neill et al. 2011; Sinha et al. 2011; Richardson, Abraham, and Bond 2012; Stemler 2012; Cortes 2013; Edwards, Friedman, and Pearce 2013; Kreiter and Axelson 2013; Gaertner and Larsen McClarty 2015) . Note that in The Netherlands, selective university programmes are obliged to use additional admission toolkits besides SSGPA, and that all non-selective university programmes are obliged to offer applicants a study check (e.g. http://www.uu.nl/bachelors/ en/matching) before commencement.
Of course, SSGPA is an overall measure of both cognitive and non-cognitive factors, but, given the transition from secondary to tertiary education, additional information on academic potential is indeed warranted. Findings that SSGPA is not the best available predictor for academic achievement after the first year (Stegers-Jager et al. 2015) add strength to this argument. Theoretically it is logical that including both programme-specific cognitive results (Cortes 2013) and NCF (Schmitt 2012; Stemler 2012 ) allows students to show their potential regardless of how well they did in secondary education. After all, being a well-functioning student entails more than high grades, and thus an accurate prediction requires more than academic grades alone. Signal detection theory provided relevant additional information supportive of this notion. Having illustrated the opportunities signal detection theory provides to investigate validity in a way that integrates group and individual level in one mixed methods analysis, we now proceed to discuss the information the pay-off matrix provides in evidence-based criteria.
Implementation of signal detection theory
Signal detection theory allowed us to set the cut-off criteria for SSGPA, MS and NCF each to optimise the use of what appeared to be their greatest strength (in terms of optimising the proportion of hits, correct rejections, false alarms and/or misses), and the effects of this on hypothetical selection outcomes were explored. Application of signal detection theory provides admission committees with information on the proportions of the two types of errors that occur; admitting students who will fail and rejecting students who would have been successful. More specifically, MS and NCF appear required in addition to SSGPA to bring the proportion of misses to an acceptable level while maintaining reasonable percentages of admission and correct decisions. The notion that including admission criteria other than SSGPA increases validity was supported more convincingly when applying signal detection theory than when using more conventional statistics.
Although the accuracy of the signal detection theory approach cannot be compared to previous findings, since we did not find any reference to previous applications of signal detection theory in the literature on admission toolkits (but see Sawyer (2013) , who does report success rates, accuracy rates and cut-off scores), we did find that this approach averages practically halfway between chance level admission decisions and perfect predictions of academic achievement. Comparing that to 10% explained variance, as far as they can be compared, our comparison of analyses appears to argue in favour of using signal detection theory. The information on the individual level and the receiver operating curves do provide information relevant in decisions on the content and especially criteria of admission toolkits. Signal detection theory is applicable wherever criteria are applied in decision-making regardless of the specific context and goals, for example, in validating criteria of multiple mini interviews (Patterson et al. 2016) . Following up on Shulruf, Hattie, and Tumen (2008) , Shulruf et al. (2011) and Steenman, Bakker, and van Tartwijk (2014) , future application of signal detection theory might be informative on comparisons of selection outcomes given different operationalisations of SSGPA and academic achievement. The relatively small proportion of unsuccessful students does mean that all interpretations are preliminary and awaiting replication with a larger sample. Replication of our results across cohorts, regardless of sample size within cohorts, will also remain a necessity. It should be noted that we were able to do the present analyses because all applicants could be admitted in this cohort; when one is actually selecting applicants the misses and correct rejections cannot be calculated.
Conclusion
depending on the goals that admission committees aim for by using their admission toolkit (Sternberg et al. 2012; Cortes 2013; Sawyer 2013) , one would want to be able to evaluate selection outcomes for both their sensitivity and specificity, and to compare different admission toolkits on both group and individual levels. A signal detection approach to selection of students replicated the validity of SSGPA, MS and NCF as predictors of academic achievement. As a tool to inform future selection or advice by past (hypothetical) selection outcomes, signal detection theory allows policy-makers to make better informed decisions on constructing and evaluating admission toolkits and specific criteria than is possible using the more common correlation/regression statistics. The available information on the relation between predictors/admission tools and academic achievement is extended with the pay-off matrix and the criterion to evaluate selection outcomes on both group and individual levels. Together they give scientists and administrators a lever to push or pull, in order to fine-tune the output of their admission procedure to better match their goals. This will be most profitable if data across cohorts, programmes and different operationalisations of academic achievement are compared.
